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TRACKING GALILEO AT EARTH-2 PERIGEE USING THE
TRACKING AND DATA RELAY SATELLITE SYSTEM

C, Edwardsl,  J. Anderson2,  P, Beyer3,  S. Bhaskaran4,  J. Borders,
S. DiNardo5, W. Folkner6, R. Haw6, S. Nandi5, F. Nicholson,

C. 0ttenhoff7~  S. Stephens5

1 he 1 racking and Data Relay Satellite System (l”DFISS) was successfully
used to track the Galileo spacecraft on December 8, 1992, during the
Galileo Earth-2 flyby. This flyby enabled Galileo to obtain a gravity-
assisted energy increase as parl of the Venus-Earth-Earth trajectory en
route to the planet Jupiter. Due to the low perigee altitude of about 300
km, there was a gap in IXN coverage for nearly two hours around
perigee, from 13:49-15:40 GMT. During this time, Galileo was within the
field-of-view (FOV) of the spare Tracking and Data Relay Satellite (1 DRS)
at 62 deg W longitude. In order to obtain a continuous Doppler arc
throughout the perigee period, the 1 DRS was configured to observe the
Galileo 2.3-GHz  carrier signal with one of its S-band Single-Access (SA)
antennas, and coherently relay the signal to the White Sands Ground
Terminal (WSGT), where a special baseband tracking receiver was
installed to enable reliable carrier phase (Doppler) extraction during the
high signal dynamics at perigee. An S-band calibration signal transmitted
from WSGT was simultaneously observed with the other l-DRS SA
antenna in order verify system performance in real time and to remove the
effects of TDFIS motion during the tracking, 10 our knowledge, this
represents the first time the TDRS System has been used to track a
spacecraft on a hyperbolic trajectory. The techniques used to acquire
these data are described, and the perigee Doppler data are examined in
the context of the fully reconstructed flyby trajectory.

INTRODUCTION

“J’hc Galileo spacecraft is in the nlictst  of a (i-year  interplanetary cruise  en route  to {he planet
Jupiter, where it will arrive in IMccmbcr, 1995. ‘1’0 achieve the required energy for
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reaching Jupiter, the cruise incorporates one VCIIUS gravity assist and two 1 lar[h gravity
assists. “1’hc first 13arlh  gravity assist (EGA 1 ) was on December 8, 1990, 20:34:34  UTC at
a pcrigcc  altitude of about 960 km. Nearly continuous two-way Doppler and range data
were collected from the Deep Space Network (I)SN)  from November 2 to IIcccmber  13,
1990. 1 lowcver,  there was a gap of about 1 hr 9 min around pcrigcc, where no two-way
data were collected.

Subsequent analysis of the fly-by trajectory [1] indicated an anomalous apparent velocity
increase of 4 mn~/s during this gap in two-way tracking coverage near perigee. “J’hat is, in
order to obtain a good fit between the inbound and outbound Galileo trajectories, it was
ncccssary  to include an impulsive maneuver of about 4 n~n~/s along the Galileo velocity
vector at perigee, While this small vcloeity anomaly had no significant impact on mission
navigation, and did not influence the successful liarth-  1 gravity assist, there was
considerable interest in the project navigation and radio science teams in understanding its
origin. A variety of possible sources for the velocity anomaly have been investigated by
the Galileo project navigation and science teams, including mismodcling  of maneuvers on
the spacecraft, uncalibrated IIarth propagation media effects, errors in the orbit
determination software, unreported thruster firings, or even new physical phenomena, ‘J’o
date, however, no suitable ,explanation  for the anomal y has been found,

Members of the Galileo science team were cspccial]y intrigued by the notion that the
observed anomaly might bc related to some unknown and previously unobserved p}lysical
phenomenon leading to a violation of special and/or Ge,neral relativity. ]ndeed,  the l;a~lh
fly-by represents a somewhat unique experimental scenario, wit}] very rapid rates of change
of 13ar(h-spacecraft  range and of the gravitational field at the spacecraft, As a result, the
Galileo science team made a spccia] request for continuous tracking of Galileo throughout-.
its l}ar(h-2 cncountcr pcrigcc.  -
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Figure 1: Gaiileo tracking visibility during Earth-2 fiyby, showing coverage

tinMXi from the Canberra and Goidstone DSN tracking complexes, from
additional ground stations iocated at Santiago, Perlh, and Okinawa, and from

the TDRS-C sateiilte at 62 deg W ionf.jitude.
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TRACKING SUPPORT FOR THE EARTH-2 FLYBY

‘1’he second Earth flyby occurred cm IMmnbcr  8, 1992, 1 S:09 U’1’C, at a 303-knl  al(it ude
over the South Atlantic. The low perigee altitude led to a gap of nearly two hours in
visibility from the DSN, with a resulting gap in two-way Doppler tracking. ‘J’O par(ially fill
this visibility gap, one-way Doppler tracking was sc}mduled  at ground stations at Santiago,
Pcrlh, and Okinawa, providing tracking coverage for all but 22 minutes around perigee [2].
3’o fill this remaining gap in tracking covcragc at perigee, an investigation was made of the
possibility of using one of the gcostationary  satellites in the “J’racking and Data Relay
Satellite System (’1’DRSS). At the time of the I{arth-2 flyby, there were four ‘1’1>1<SS
satellites on orbit, at longitudes of41 dcg W longitude, 62 ctcg W longitude, 171 dcg W
longitude, and 174 dcg W longitude. II was found that the Tracking and Data Relay
Satellite (’I’DRS) at 62 deg W longitude, designated 7’DRS-C and which we will refer to
here as ‘J’I)RS-62W, provided the best visibility of the Galileo perigee trajectory. Figure  1
shows a visibility timclinc  for the ground stations and for the TJ>RSS, Figure 2 shows the
Galileo perigee trajectory as viewed from TI)RS-62W.  indicated on the figure is the
elliptical field-of-view (I~OV) constraints for the “1’DRS-62W SA antennas. l’hc addition of
the ‘1’DRS-62W  coverage completely fills the gap in DSN covcragc, providing continuous
tracking of Galileo during perigee.

GALlLEO DATA ACQUISITION USING THE TDRSS

IILIc to the pulse code n~odulation/phase shift kcyingjphase  modulation (PCM/lY3K/PM)
telemetry modulation scheme used by JPI. deep space missions, as well as the big}] signal
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Figure 2: Gallleo Earth-2 fly-by on 8-DEC-1992 as viewed from the TDRS

positioned at 62 deg W longitude. The elliptical field-of-view constraints for
the I“DRS SA-antenna are shown.
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dynamics expected at perigee, there was ccmsidcrab]c unccminty  as to whether the nominal
‘J’JIRSS tracking receiver at the White Sands Ground ‘1’crminal  (WSGJ’)  could successfully
lock onto and track the Galileo carrier  through perigee. ]nstcad, it was decided to usc a
new digit al baseband receiver dcvclopcd  at Jl>l. to perform the carrier acquisition and
tracking. This receiver, w}~ich  wc refer  to as the IIxpcrimcntal Tone “J’racker  (li”J”J’),  is
dcrjvcd from the ‘Jlrbo-l<oguc GPS tracking receiver [3] and features two IF signal inputs
and up to 24 separate tone models  which can be simultaneously tracked,

Figure 3 s}~ows the configuration used to perform the Galileo tracking. OJW SA antenna of
the “J’J>RS-62W received the 2.3-G} Iz, (S-band) signal transtnittcd  from the Galileo low-
gain antcma.  “J’hc ‘J’J>RS  rcccives a 15. 15-G}17,  pilot tone from WSGT which serves as a
frequency reference for the ‘1’DRS spacecraft, IIased on this uplink frequency reference,
the TDRS-62W  generates a mixing 1.0 to coherently translate the Galileo signal to a
frequency of 13.7 GHz for transmission to WSG”J’. Figure 4 details the frequency scheme
on board the ‘J’J>RS-62W for these observations.

At WSGT, the received 13.7-GIIz signal is downconverted to a 370-MIIz IF frequency,
which is subsequently processed by the WSG’J’ tracking receiver. This mixing process is
tyJJically predicts-driven to remove the a priori exJ)cctcd  l>opplcr  shift from the signal. l;or
our purposes, it was decided to have a simple fixed-frequency downconversion and handle
the signal dynamics in the baseband tracking processor. We clcfcated the WSG”J’ IloJ@cr
compensation by supplying a fixed-frequency mixing 1.0 to the S-band Single-Access
(SSA) downconverter.  We chose the frequency of this mixing 1.0 to provide a 350-MJ IZ
117 frequency, based on the signal requirements of the I;J”J’.
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satellite.



SSA112 CENl ER FREQUENCIES ARE
FIXE.D ON KU-BAND DOWN1 INK.

TDRSS FflEQ  SYN1 H IS TUNA13LF
SO T}IAT S-BAND CLNIER
FREOUENCY CAN DF SET FROM
2.2-2.3 GtlZ  IN .5-MtlZ  STEPS. WE
SET BO1t ICHANNE1S102295.S
Mt17CF.

Figure 4: Frequency scheme on board TDRS. A 15.15-GHz  upllnk
pilot tone Is used to coherently translate the 2.3-GHz S-band signal

received at each SA antenna to 13.7 GHz for relay to WSGT.

Sinlultanecms  to the Galileo tracking, an S-band coherent test signal  was transmitted at
WSG’J’ and rcceivcd in the other SA antenna of T1>RS-62W,  where it was also frequency
translated and rc-transmitted back to WSGT. This signal was downconverled in a similar
way and tracked in the other IF channel of the WI-J’. ‘J’here were two motivations for
including this calibration test signal. l~irst,  it provided a valuable real-time check of the
end-to-end performance of the ‘1’1)1<SS system, including the modifications to the
downconvcrters  and the I?’JT processor, Secondly, the measured phase of the test signal
provided an accurate calibration of an y delay changes in the link bet wccn ‘l”IIRS-62W and
WSG’1’. Since the 1’111{S space-to-ground link is at 13.7 G] 17,, any delay chtingcs along

the ‘1’DRS-WSGT  link induce phase changes with an effective frequency of twice this, or
nearly 30 G] Iz. ‘J’hus tropospheric fluctuations and/or unnmctcled  spacecraft motion along
the “J’J>RS-WSGrl’  line-of-sight can lead to significant corruption of the relayed Galileo
l>opplcr  signal. (Unmode]cd  “l”IIRS molion along the Galileo-”1’llRS  line-of-sight, cm the
other hand, enters only at the much lower frequency of 2.3 G] 17,.) “J’he obscrvat  ion sc}mm
used for this Galileo tracking experiment is very similar to the configuration used to
supporl  a demonstration of Orbiting Very 1.ong Baseline lnterfcromctry  (OVJ .111) using the
‘1’1>1{SS in 1986 [4], except that for the present experiment the SA antenna points at the
Galileo spacecraft rather than at an cxtragalactic radio source. in fact, it was based on the
successful OVI .111 experience d~at  the Galileo tracking expe,rimcnt  was proposed,

Roughly the first two hours of ‘l”J>RSS tracking overlapped with the two-way l)opp]cr  arc
at Canberra. l>uring this period, the Galile,o carrier was phase-locked to an up]ink signal
rcccivcd  from the Canbcr-ra  DSN site, Galileo entered the field-of-view of the “J’JIRS-62W
antenna at 11:47 GM’1’ , and at 12:00 GM”l’ the S-band carrier, relayed by the ‘1’1>1<S, was
acquired at WSG’J’. The Galileo signal was tracked continuously in three-way mode until
13:45 GM”J’ when, just prior to setting bc]ow the Canbema  horizon, Galileo switched to a
one,-way non-coherent downlink  signal, phase-]ockcd to the on-board ultra-stable
oscillator. At 13:46 GMT wc acquired this one-way signal and succcssful]y tracked it
through perigee and out to the ‘J’DRS-62W  IiOV limit, which was reached at 15:34 GM’I’,
liigurc 5 shows the actual  received power and frequency of the Galileo signal  during the
one-way portion of the ‘J’JII<SS  trttcking. (Note than onc can actually see the first sidc]obc
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During  the actual tracking pass, we u(i]izcd  the mul(i-channc] capability of the I\”J-J’
baseband receiver by tracking the Galileo Doppler signal with two separate phase-locked
tracking loops. “J’he two 3rd-order loops ran at different loop bandwidths to provide
additional robustness throughout the tracking arc, particularly during the high phase
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dynamics expcricnccd  near perigee. IIuring  the three-way tracking period (1 2:00-  13:45),
loop bandwidths of 2 IIz and 5 IIz were used, while during the one-way tracking period
(13:46 - 15:34) the loop bandwidths were incrcascd  to 7 IIz and 20 IIz. ‘1’hese bandwidths
were chosen with (hc goal of simul tancous]  y maintaining at least 10 dl~ of loop SNR while
also keeping the static phase error, duc to higher-order p})ase derivatives, below 5 deg.
‘1’hc tracking passes were fully simulated prior to the cxpcrimcnt,  based on the predicted
Galileo - ‘1’DRS-62W  link and a priori Galileo trajectory, to verify that the chosen loop
bandwidths would satisfy these tracking criteria. Both the narrow- and wide-bandwidth
tracking loops maintained lock throughout the three-way and one-way portions of the
pcrigcc  tracking.

DATA PROCESSING

l>opp]er  obscrvables  were generated from the carrier phase measurements made by the 11’l”J’
at the White Sands grouncl  station. ‘J’he phase measurements are affected by the relative
motions of the Galileo spacecraft, the I’lIRS relay satellite, and the ground station. To bc
compatible with modeling used to analyze radio metric data by the Galileo Navigation Team
[5], the Doppler data were reformulated so as to appear to have been received at a fictitious
earth-fixed site located at the nominal ‘J’IJRS position. ‘J’hc details of the signal processing
arc given in this section.

Consider the case of one-way data, where the Galileo spacecraft transmits an S-band carrier
signal derived  from its onboard oscillator, t}~c  signal is transponder by “J’DRS,  and then the
transpondcd  signal is received at White Sands. At ‘1’111{S, the spacecraft signal is
upconvertcd to Ku-band by mixing with a local  oscillator derived from a pilot tone Ku-
band uplink fron] White Sands to “1’1)1{S. ‘J’he signal received at White Sands is
downconvcrtcd  to baseband and input to the J1’l-J’,  where the Galileo carrier phase is
extracted by a phase-locked loop. As dcscribcd  earlier, an S-band test tone is also uplinkcd
from White Sands to “J”JIRS,  upccmvmcd  to Ku-band, transpondcd to White Sands, and
downconvertcd and input to the III-J’. ‘I”his  test tone signal  is combined with the Galileo
signal to eliminate instability in the Ku-bane] uplink from White Sands to ‘J’J)RS and to
eliminate instability in the frequency upconvcrsion  at ‘J’DRS,

Some notation must bc introduced to define the observable. 1.et pap be the one-way range
from point a to point ~, defined as the proper time of signal rcccption at point ~ minus the
proper time of signal emission from point (x. Range computations arc needed for four
points: the Galileo spacecraft “G”, the ‘1’J>I<S relay satellite “’J’”, the White Sands ground
station “W”, and the fictitious car[h-fixed ‘J’J~RS  site “’J’ll”. IIcnotc  the frequencies of the
Galileo onboard  oscillator, the White Sands pilot tone uplink, and the White Sands test (one
uplink  by fuse, fl)ilO1,  and ftcs~, rcspcctivcly. ‘J’he  Galileo spacecraft signal and the White
Sands test tone signal  are upconvcr[cd  at ‘J”IIRS  by klfltilol  and k2fIti10~,  rcspcctivel  y, where
k I and k2 are multiplicative factors relating the cohercnt]y generated upconvcrsion 1.0
signals with the uplink  pilot frequency. l.ct $a and $~ denote the RI; received phase, at
White Sands, of the Galileo carrier signal and of the test tone signal, respectively. }’inal]y,
denote the rcccivcd R]; phase, lincarl  y combined to eliminate the effects of the pilot tone
uplink and the frequency conversion at ‘J’J)RS,  by (/)R~.  Nominal values for all model terms
arc given in ‘J’able 1. ‘1’hc rcccivcd phase is related to the transmitter frcqucncics and the
one-way ranges by
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4vw(t4) = 0.(14)  -  ;; h(u) = fuso  [Q - p’Jw(t4) - pc;’J(t3)  - to] -

k ]
k2 flcsl  IQ -

PTW(4)  - Pwl’(t3) -10”1 (1)

where td is the proper time of signal reception at White Sands and t3 is the proper time of
signal transpond at q’DRS.  “1’he constants to and to” are unknown cpoc}M related to the
integer ambiguity in the carrier cycle. l?~, (1) may be rewritten as

4w’(h) - f u s o  [pcwn(t4)  - P1’W(L4) - pciT(t3)l

k l-1 ~; f,,,,, [q - pTw(t4) - pwr(ts)  - to”] = fuso  [t4 - p~’rn(t4)  - t(J]. (2)

‘1’he left hand side of IJq. (2) is the observed phase adjusted by modeled  values of certain
ranges, w}~ile the right hand side of l“lq. (2) is a representation of one-way phase received at
the fictitious earth-fixed 1’IIRS site that is compatible with the data analysis models used for
navigation of Galileo. This reformulation is useful only to the extent that the errors in the
model terms added to the left hand side do not hide the effects of interest in the data. The
rc,fm-nmlatecl  one-way Doppler observable is

where

the time-tag is the center of the count interval,

‘l’C is the count interval (see),

$s is the reformulated observed phase given by the left }land  side of Iiq. (2) at the
start of the count interval (cycles),

$C is the reformulated observed phase given by the left hand side of IIq. (2) at the
end of the count interval (cycles).

Doppler obscrvables for the case of three-way data, where a signal is uplinked  from a I)SN
ground station, transpondcd by the Galileo spacecraft, transpondcd again by the ‘J’l~RS
rday  Stltc]]ite,  and then received at the White Sands ground station, arc generated in an
analogous fashion. lJsing  the same notation as in 1 iq. (1), the rcceivcd  three-way phase is
~iVC1)  by

mu’(t4) = h(u) -  {; h(h) ‘ -  ;,! ~~  fq I  h -  P’l”w(ti)  -  pcw(@  -  pDG(t2)  -  to’]  -

k l
k2 ftc.sl I t4 - PTw(t4)  - Pwl’(@  -10”1 (3)

where f is the exciter frequency at the IXN uplink station 1> SS-42 in Canberra, the uplink
c?site is cnotcd “I)” in the one-way ranges, tq, is the proper time of signal  transpcmd  at

Galileo, and t~ is an UJ)kIWVJI epoch related to the integer ambiguity in the carrier cycle.
As for one-way data, liq. (3) is reformulated as
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@IU’(@  - ;: 96 fq [PG’rn(Lt)  - p’I’W(t4)  - pci~(t~) - (w@) + PIm(~2)1

k ]+ - f ros t  {Ll  - pTw(t4)  - pwr(ts) - to”] =k 2

~2~ 96 fq [t4 - p~Tn(t4) - pl~(~z)  - to’] (4)

where ~2 is the proper time of signal transpond  at Galileo for a signal  received at the
fictitious earth-fixed “J’DRS site at time td. ‘1’he reformulated three-way Doppler observable
is

NOI
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Table 1
NAL VALUES OF PARAMETERS USED IN THE OBSEI

Galileo spacemft
cmboard oscillator frequency

I’DRS relay satellite
Galileo channel multiplication factor
test tone channel multiplication fmor

Iiictitiom carlh-fixed  “J’lIRS silt
spin radius
cast longitude
height above equator

White Sands ground station
pilot tone up]ink frequency
test tone uplink frequency
spin radius
,cast longitude
height above equator
zenith troposphere - dry
zenith troposphere - wet

11 SS-42 ground station
uplink exci(cr frequency
spin radius
cas t  longi tude
height above equator
JllOUllt typC

axis offset
zenith troposphere - dry
zenith troposphere - wet

‘ABLE MODEL

Nominal Value

2294997678.17 IIz

11402/15150
11382/15150

42149.527 km
298.0609 deg
-12.451 km

I5.15X109II7.
2295.5x  IOG }Iz
5385.663  km
253.391455  dcg
3408.188 km
2.055 n-I
0.043 m

22027270.117,
5205.352492 km
148.98126256 dcg
-3674.582214 km
equatorial
6.706 Ill
2.152  m
0.136  m
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The best available trajectories for Galileo and the TIIRS relay satellite were used in the
reformulation, The Doppler error introduced by the reformulation is estimated to be less
than 2x10-1 ] s/s, corrcspondi ng to a vclocit  y error of 6 rim/s, ‘1’hc limiting error source is
a 20-nl uncertainty in the position of the ‘1’1>1/S  relay satellite; the signature introduced in
the data by this error has the form of a slow drift over the interval of pcrigcc passage.

RESULTS

‘] ’he altitude of the flyby at perigee was 303 km; hence, both }iarth’s  gravity field and
atmospheric drag were important to the orbit determination, ‘1’hc gravity field, modeled by
spherical harmonics to degree and order 40, was obtained by truncating the Goddard
JGM-2  70x 70 field. Outside of some experiments to include GM and J2 in the fits, wc
made no adjustments to the 40 x 40 field. We accounted for atmospheric drag by two
methods, In the first we solved for an impulsive three-dimensional vclocit  y correction at
perigee, and in the second wc solved for the drag coefficient CD included in JP1 }s
exponent ial drag model.

The two methods yielded similar fits to the data, Within an unccr[ainty  of eight percent,
both methods yielded a dccrcasc  in velocity along track of -5.9i0.2  mn~/s.  A priori
predictions for the drag-induced velocity change, based on the Jacchia-Roberts  model,
were -6.2*4.O mn~/s  [5], clearly consistent with the observed velocity change. IIy
contrast, DSN data from the Dcccmbcr  1990 Earth flyby, at a]titudc 956 km, indicated an
unexplained increase in along-track velocity of 4 mntis,  after accounting for the much
smaller drag effects. Given the uncertainty in drag models, wc cannot conclusivc]y  rule out
the possibility that a similar increase occurred at Earth 2. l~or example, an unmodclcd
increase of 4 nml/s  and a drag dccrcasc of -10 rim/S would be compatible with our results
and our a priori atmospheric model. Significant y larger anomalous velocity incrcascs,
however, would appear inconsistent with the drag model,

Starting with the Galileo Navigation ‘1’canfs post-flyby rcconstmction  of the trajcc[ory, wc
made several least-squares fits to the reduced TDRSS one-way data, These data were
rcfcrcnccd  to the spacecraft’s ultra-stab]c crystal oscillator (USO). ‘J’hc fits diffcrecl from
onc another in the specific parameters cst i mated and in the specific DSN Dopp]cr and
ranging data included in the fit, Reprcscntativc  plots of one-way “1’DRSS residuals
(observed minus computed values) near pcrigcc for two different cases arc displayed in
l~igurc 7. The Doppler residuals in units of Ilz have been convcr(cd to velocity units by
using the S-band transmitted frequency of 2.29 G] 17,.

in these fits, all of the DSN l)opp]cr  and range data from 00:00-22:00 GMT on 8-llcc-
1992 were included along with the “J’IIRSS one-way and three-way data. For the upper
plot, the estimated parameters included the Galileo state vector, a drag coefficient, an
adjustment to the “H>RS-62W  position, and a frequency bias for the Galileo oscillator; no
other parameters were est i mated, An obvious signal is apparent short] y before perigee.
~’hc additive noise reflects the short-term instabilities of the lJSC). This feature remains
even when fitting only the ‘1’1>1{SS one-way data, as WC]] as for other combinations of
‘J’l IRSS and I>SN data,
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Figure 7: Doppler residuals for the one-way Galileo-TDRS perigee period,

‘1’he lower plot in l~igurc 7 shows the residuals when a single point mass MASCON is
added to the list of estimated parameters. ~’he single point mass is able to significantly
reduce the l>opp]cr  signature near pcrigcco  1 lowcvcr, prclimi nary analysis suggests that the
required mass is unrealistically large, compared to current unccl~ainties  in t}lc l{arih gravity
model. We arc also investigating whether any effects on the ‘1’DRS, such as the rapid
antenna slcwing  near perigee, could induce the observed signature. More work is needed
before wc can claim to understand the real cause of these TI)RSS residuals.

SUMMARY

“l”he  ‘1’1>1{SS was successfully used to provide continuous tracking of the 2.3-G] 17, (S-
band) carrier signal from Galileo during  the llarth  gravity-assist flyby on IIcccmbcr  8,
1992. ‘1’he “1’DRSS was configured to receive the Galileo carrier in one SA antenna and an
S-band test signal  from WSG’J’ in the other SA antenna. Roth signals were relayed to
WSGT, where a digital tracking receiver was installed to provide carrier phase tracking.
IIopplcr  obscrvablcs  were formulated to allow processing using the standard Galileo
navigation software. Analysis of the DSN and “1’IjRSS data provides no indication of a
repeat of the 4 nm~/s velocity anomaly observed during the first Galileo liarlh flyby in
1990, but atmospheric drag unccr[aint y for the. second flyby, due to the lower perigee
altitude, complicates the interpretation of the data, ‘1’hc one-way Galileo-1’l>RS l)opp]cr



data exhibit a feature prior to pcrigcc which can largely be removed by adjusting the Harlh
gravity model with the addition of a single point mass; this feature is still being
investigated.
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